Most seismological models for the interior of Mars lack an upper mantle low velocity zone. 11
Introduction

30
The seismological low-velocity zone (LVZ) in Earth's upper mantle, first proposed by Gutenberg 31 (1948; 1959) , is closely linked to plate tectonics because it is related to thermal, volatile and 32 compositional effects associated with the rheological transition from the lithosphere to the 33 asthenosphere (e.g., Anderson, 1989; Stixrude and Lithgow-Bertelloni, 2005 ). An LVZ is simply a 34 region from which the seismic velocity increases in both the upwards and downwards directions. 35
Thermal modeling suggests the possible existence of a similar seismic LVZ within the lithosphere of 36
Mars (Mocquet and Menvielle, 2000; Rivoldini et al., 2011; Nimmo and Faul, 2013) . This Martian 37 LVZ would be different than Earth's, being most pronounced within the thermal boundary layer 38 rather than near its deepest levels. Establishing whether Mars has such an LVZ has important 39 implications for our understanding of the internal dynamics, volatile content and thermal evolution of 40 the Martian mantle. 41
In 2016, NASA's InSight (Interior exploration using Seismic investigations, geodesy and heat 42 transport) Martian lander will deploy a single 3-component seismometer and a heat flow probe to 43 study the planet's deep interior (Banerdt et al., 2013) . Hopefully the seismic instrument will couple 44 well to the surface and record broadband signals from sufficiently energetic sources that excite 45 broadband seismic wavefields. In anticipation of this seismic data collection proving successful and 46 high quality broadband recordings being obtained, we consider whether the presence of a lithospheric 47 LVZ should have significant manifestations in the seismic wavefield that would allow its detection 48 3 from a single sensor and (likely) sparse sources at various ranges. Many seismic models have been 49 proposed for Mars ( Figure 1a ) and most do not include an upper mantle LVZ (e.g., Okal and 50 Anderson, 1978; Franck and Kowalle, 1994; Sohl and Spohn, 1997; Zharkov and Gudkova, 2005; 51 Khan and Connolly, 2008; Walzer et al., 2010) . Notable exceptions are those of Mocquet and 52 Menvielle (2000) and Nimmo and Faul (2013) . 53
The case for the existence of an LVZ within Mars is straightforward. If a stagnant conductive 54 thermal boundary layer, or "thermal lid" overlies a convective mantle (Toksöz and Hsui, 1978; 55 Ogawa and Yanagisawa, 2011), a large temperature gradient will develop across the lithosphere (as is 56 true for Earth's thermal boundary layer). Unlike for Earth, the thermal effect, which tends to reduce 57 seismic velocity with increasing depth in the lithosphere, can overcome the competing effect of 58 increasing pressure due to the low gravity of Mars (Nimmo and Faul, 2013) . This results in a net 59 decrease in seismic velocity with increasing depth within the thermal boundary layer. The magnitude 60 of velocity reduction in the LVZ is a function of the temperature gradient in the stagnant lithosphere, 61 which depends on the mantle potential temperature and the thermal lid thickness. Seismic velocity 62 models based on the temperature profile adopted by Bertka and Fei (1997) do not result in an LVZ. 63 This is because the temperature drop across the top 250 km of the lithosphere in that profile is only 64 about 300 K, much less than expected for a stagnant lid (e.g., Ogawa and Yanagisawa, 2011) . 65 Mocquet and Menvielle (2000) assumed the presence of a thick stagnant lid and predicted an LVZ at 66 a depth of 200-400 km; some of the models displayed in Rivoldini et al. (2011) also have an LVZ for 67 a hot mantle (potential temperature > 1800K). Nimmo and Faul (2013) also predicted the presence of 68 an LVZ, though their main intent was to match the bulk tidal and dissipative properties of Mars. 69
Although Verhoeven et al. (2005) considered a stagnant-lid convection scenario, their lid was too 70 4 thick (it extends to 400-550km depth) to result in a large thermal gradient with a prominent LVZ. 71
None of these papers considered the detailed seismological implications of an LVZ. 72
The NASA InSight mission will provide an important opportunity to test the existence of a  73 Martian lithospheric LVZ, if suitable seismic signals from as yet unknown sources are recorded. It is 74 not our intent here to carry out a detailed investigation of whether such sources are likely to exist, nor 75 to evaluate all possible causes of wavefield complexity such as 3D structure and anisotropy. Rather, 76 in the rest of this paper we present seismic wavefields computed for end-member global velocity 77 models for Mars with and without a lithospheric LVZ, guided by the model of Nimmo and Faul 78 (2013) . Consideration of the computed seismic wavefields identifies diagnostic attributes that can be 79 sought for different epicentral ranges when long-period ground motion recordings for Martian 80 sources are obtained. 81
Seismological models for Mars
82
Planetary seismological models prescribe the compressional (P-wave) velocity, Vp, shear (S-83 wave) velocity, V S , density, and anelastic absorption factors, Q P and Q S for P-and S-waves, 84 respectively, as functions of depth. At present, there are no constraints on seismic anisotropy for 85
Mars, so usually isotropic models are considered. 86
The model we adopt is based on that described in Nimmo and Faul (2013) . This model matches 87 the observed bulk density and moment of inertia of Mars; it also satisfies the measured k 2 Love 88 number and the tidal dissipation factor Q inferred from observation of Phobos' orbit. This model is 89 simplified compared with other models in which detailed mineralogical and equation of state data are 90 employed (e.g., Gudkova and Zharkov, 2004; Khan and Connolly, 2008; Rivoldini et al., 2011) . 91
However, compared with the enormous uncertainties in key parameters (such as the radius of the 92 Thorne Lay 10/3/14 7:37 PM Deleted: allow for 93 Thorne Lay 10/3/14 7:38 PM Deleted: to have 94 5 Martian core, and the bulk composition of the mantle), the approximations involved in our simple 95 model are unlikely to matter. Furthermore, what we are primarily concerned with here is differences 96 between models with and without a LVZ; such differences will not be very sensitive to changes in the 97 background model parameters. 98
Below we describe the main aspects of the velocity model in more detail. We assume that Mars 99 has differentiated into three compositionally distinct layers: the core, the mantle and the crust. We 100 also assume Mars is spherically symmetric. 101
Crust 102
The Martian surface is characterized by a clear topographic dichotomy, the heavily-cratered 103 southern highlands and relatively smooth northern lowlands with far fewer craters. The Martian crust 104 is non-uniform, as shown by inverting the gravity and topography data from the Mars Global 105 Surveyor (MGS) mission (Zuber, 2001) . In general, the crust progressively thins from the southern 106 pole to the northern pole. For our crustal model, we use the mean value of the crustal thickness, 50 107 km, and V P = 6.0 km/s, Vs = 3.5 km/s, density = 2900 kg/m 3 (Zuber et al., 2000) . We set shear Q to 108 be Q S = 600 and Q P = 9 / 4Q S . 109
Core 110
The Love number k 2 inferred from solar tides indicates the existence of at least an outer liquid 111 core (Yoder et al., 2003) . Whether Mars has a solid inner-core or not is uncertain. Existence of a solid 112 inner core will have significant effect on seismic normal mode frequencies (Okal and Anderson, 113 1978 ). In our model, we do not include a solid inner core. A range of core radii is permitted when 114 modeling the tidal k 2 and moment of inertia (Yoder et al., 2003) ; we adopt a baseline value of 1650 115 km similar to that employed by Nimmo and Faul (2013) . To study the mantle LVZ, the exact radius is 116 not critical. We assume 10 9 for the bulk Q in the fluid core, which means essentially no dissipation. 117 6 Because Nimmo and Faul (2013) were concerned primarily with dissipation in the mantle, they 118 did not calculate seismic velocities in the core. In Appendix A we outline the procedure by which the 119 core density and velocity structure were obtained. 120
Mantle 121
Derivation of the mantle seismic velocity and Q structure is described in detail in Nimmo and 122 Faul (2013) and only a brief summary is given here. The anelastic properties of the mantle are based 123 on experiments on Fo90 olivine conducted by Jackson and Faul (2010) . To account for the fact that 124
Mars is more iron-rich than the Earth (Longhi et al., 1992 ; Table 2 in Robinson and Taylor, 2001) , 125
we treat the reference density of our mantle material as a free parameter, constrained by the moment 126 of inertia and bulk density of Mars. Iron enrichment will only increase the magnitude of any seismic 127 LVZ (Mocquet et al., 1996) . The temperature of the deep mantle is constrained by observations of 128
Phobos' orbital decay, which yields the bulk k 2 /Q ratio (see Bills et al., 2005) , where Q is the tidal 129 dissipation factor at the synodic period of Phobos (~11. Earth's 660-km discontinuity) may or may not be present in Mars, depending on the core size and the 141 temperature in the lowermost part of the mantle. 142
Because tidal dissipation depends primarily on shear and not bulk modulus, Nimmo and Faul 143 (2013) did not present an explicit method for calculating Vp. To calculate Vp below we take the 144 we produce a similar model with the same structure at all depths below 300 km, but with no seismic 160 lid and a positive velocity increase with depth from the crust-mantle boundary, similar to earlier 161 Martian models. We label the latter model the noLVZ model, recognizing that it is likely less 162 justifiable on physical grounds than the LVZ model. Comparison of seismic wave computations for 163 8 the LVZ and noLVZ models isolates the effects of the thin seismic lid and the waveguide structure of 164 the associated LVZ in the lithosphere to establish the diagnostic wavefield characteristics, and makes 165 uncertainties in the deep structure relatively unimportant. Given the predicted ground motions, we 166 will then assess whether it is realistic to establish presence of an LVZ using just one 3-component 167
seismometer. 168
An important potential caveat for single-station seismology is that if the Martian interior is as 169 scattering as the lunar interior, surface waves may not be clearly recorded. However, the Moon and 170
Mars are very different bodies -particularly in terms of near-surface water content and gravity -so 171 the lunar experience does not provide much guidance in terms of what seismic waves can be 172 measured and should be expected. Direct evidence from the early Viking experiment showed that the 173 one possible recorded seismogram was more Earth-like than Moon-like (see Anderson et al., 1977) . 174
Indirect evidence from geophysics indicates that the lunar interior and the Martian interior should be 175 different seismologically. Seismic scattering is caused by heterogeneities. The lunar crust is very 176 heterogeneous (and fractured) but not dissipative so that high-frequency seismic waves reverberate 177 for a very long time without much attenuation. The Martian crust is likely heterogeneous (though less 178 fractured), but is expected to be more dissipative for high-frequency seismic waves. one marsquake were recorded (Anderson et al., 1977) . Better ground coupling, sensitivity, and broad 196 frequency range may allow us to observe signals from other types of sources. In this paper, we 197 assume that an energetic source will occur and can be recorded by the broadband seismometer with 198 good signal-to-noise for periods from 1 to 150 s. 199
For the LVZ and noLVZ models, we computed seismic wave attributes by a suite of methods, 200 including conventional ray theory (Cerveny, 2005) , normal mode theory (Aki and Richards, 1980; 201 Woodhouse, 1988 ) and frequency-wavenumber (or angular order, in spherical coordinates) 202 integration methods (Fuchs and Muller, 1971; Geller and Ohminato, 1994 ). We will not go into 203 details about the methods as they are well established, and we confirmed compatibility of calculations 204 for the various methods for specific sources and epicentral distances. To calculate the mode 205 frequencies, we used the MINEOS code (Masters et al., 2011) and benchmarked its full waveforms 206 with the Direct Solution Method (DSM) (Geller and Ohminato, 1994; Takeuchi et al., 1996) . The 207 10 normal mode method first searches for eigenfrequencies and their associated eigenfunctions and then 208 expands the source force function onto those eigenfunctions to find the source excitation terms. 209
Searching for the eigenfrequencies can be time consuming at high frequency as adjacent 210 eigenfrequencies can be very close to each other. Normal modes are used to synthesize low-frequency 211 (shortest period of ~16 s) seismograms. The DSM does not depend on root searching and can 212 compute high frequency waves. Here we focus on the resulting wavefield characteristics. 213
Body waves 214
For a shallow seismic source in the crust (here we use 0 km depth), the most distinct signature of 215 the LVZ model relative to noLVZ is the shadow zone for direct P (or S) wave (Figure 2a ,c) spanning 216 the epicentral distance range of 20° to 55° (Figure 2b,d 
Normal Modes 228
Normal modes probe Mars as an entire planet (e.g., Gudkova and Zharkov, 2004) , which is 229 attractive given a small number of sensors, but challenging for resolving a localized upper mantle 230 the Sun in helioseismology) for a long recording of ground motion, assuming there is a sufficient 248 single or continuous source of excitation. A single station may suffice for this purpose. If the gravest 249 normal modes (e.g., angular order < 10 ) of Mars can be excited and identified, they can reveal 250 whether the core is liquid or solid (Okal and Anderson, 1978) . The period of, 0 S 2 , the longest period 251 mode, is 2260 seconds for the LVZ model. For the noLVZ model, the period of 0 S 2 is 2267 seconds. 252
If the core is solid, this period can be much shorter (around 1000 s, depending on the structure), thus 253 for the purpose of detecting the LVZ, the low frequency mode frequencies will not be diagnostic. For 254 low angular orders less than 10, the frequency shifts due to an LVZ are very small for spheroidal, 255 toroidal and radial modes (Figure 4 ). However, frequency shifts are significant for large for 256 fundamental modes and overtones. Identification of the modes for a single seismometer will be 257 challenging and constrained by the source distribution and characteristics. However, it is possible to 258 measure surface wave dispersion for those modes using a single seismometer. difficulty in resolving LVZ attributes with sparse data sets, so we do not want to be overly optimistic, 303 but everything hinges on the uncertain nature of the data and sources that will be observed. 304 Below we outline a prescription for calculating the sound-speed inside the core (assumed liquid). This 325 approach is significantly simplified compared with some other work (e.g., Gudkova and Zharkov, 326 2004; Khan and Connolly, 2008; Rivoldini et al., 2011) . Our rationale for a simplified approach is 327 twofold. First, the errors introduced by our approach are very small compared to major uncertainties 328 in the bulk structure of Mars (such as the core radius). Second, we are focusing here primarily on the 329 role of the mantle LVZ, so that our core velocity structure is of only secondary interest. 330
Conclusions
The pressure at the base of the mantle P cmb is given by (e.g., Nimmo and Faul, 2013 ) 331
332
Here R c is the core radius, ρ m is the mantle density, Δρ is the core-mantle density contrast, R is the 333 planetary radius, and G is the gravitational constant. This expression is approximate because it 334 assumes a constant mantle density (constrained by the bulk density and moment of inertia of Mars). 335
The errors introduced by this approximation are a few percent, very small compared to other 336 uncertainties regarding the bulk structure of Mars (see Nimmo and Faul, 2013) . The pressure at a 337 radial position r within the core is then given by 338 P r
A constant core density ρ c is assumed here (constrained by the bulk density and moment of inertia). 341
Again, the error introduced by this approximation is small compared to other uncertainties, especially 342 because the pressure (and thus density) change across the Martian core is modest. In calculating the 343 velocity profile within the core, we do allow the density to vary (see below). The temperature profile 344 within the core T(r) is assumed to be adiabatic: 345 The core properties were obtained from the FeS end-member of Bertka and Fei (1998) and the 359 compilation of Williams and Nimmo (2004) . The value of K c was derived from the one-bar value of 360 54 GPa and dK c /dP. The value of T cmb assumed is not critical, because the temperature contrast across 361 the core matters much more than the absolute temperature. Mantle and bulk properties are from the 362 reference model described in Nimmo and Faul (2013 Table  522 S1 and S2 in the supplementary online materials. 523 moment is 10 18 Nm. The marsquake is a thrust event on a fault plane with strike 45°, dip 45° and rake 541 90°. The seismic moment is 10 18 Nm. The epicenter is at (0°E, 0°N) and the source depth is 10km. 542
The receiver is located at (30°E, 0°N waves for LVZ (black) and noLVZ (red) models at three different distances. The waveforms are 562 bandpass filtered between 200 s and 50 s using a Butterworth filter with two passes and two poles. 563
The marsquake is a thrust event on a fault plane with strike 45°, dip 45° and rake 90°. The seismic 564 moment is 10 18 Nm. The epicenter is at (0°E, 0°N) and the source depth is 10km. The receivers are 565 located at (30°E, 0°N) and (60°E, 0°N). 566 567
Yingcai Zheng 9/29/14 10:57 AM Deleted:
